PURPOSE. Pigment epithelium-derived factor (PEDF), a protein secreted by the retinal pigment epithelium (RPE), acts on retinal survival and angiogenesis. Because hypoxia and VEGF regulate matrix metalloproteinases (MMPs), their effects on PEDF proteolysis were explored. METHODS. Mouse models for retinopathy of prematurity (ROP) were used. Cultured monkey RPE cells were exposed to low oxygen and chemical hypoxia mimetics. PEDF and VEGF mRNA levels in RPE were determined by RT-PCR. MMPs were assessed by zymography, DQ-gelatin degradation solution assays, and MMP immunostaining. PEDF proteolysis was assayed in solution and followed by SDS-PAGE and immunostaining. MMP induction by VEGF was performed in baby hamster kidney (BHK) cells. Retinal R28 cell survival, ex vivo chick embryonic aortic vessel sprouting, and directed in vivo angiogenesis assays were performed. RESULTS. Levels of PEDF in RPE/choroid significantly decreased in the ROP model. Hypoxia decreased PEDF levels in the media conditioned by RPE cells, with no significant change in PEDF mRNA. Conversely, PEDF proteolysis, gelatinolytic activities of ϳ57-kDa and ϳ86-kDa zymogens, and MMP-2 immunoreactivities increased with hypoxia. Addition of VEGF to BHK cells caused a time and dose-related upregulation of ϳ57-kDa zymogens and of DQ-gelatinolytic and PEDF-degrading activity. The PEDF-degrading activity and ϳ57-kDa zymogens in the BHK media shared MMP protease inhibition patterns and MMP-2 immunoreactivities with those in the vitreous. Limited proteolysis with MMP-2 and -9 degraded PEDF in a Ca ϩ2 -dependent fashion. MMP-mediated proteolysis of PEDF abolished the retinal survival and antiangiogenic activities of the PEDF protein.
P igment epithelium-derived factor (PEDF) is the principal antiangiogenic and neurotrophic protein of the eye. [1] [2] [3] It is highly expressed in the retinal pigment epithelium (RPE) 4 -6 and the secreted product associates with components of the extracellular matrix (ECM) in the proximal interphotoreceptor matrix and vitreous. [7] [8] [9] Extracellular PEDF acts to promote neuronal survival and differentiation in the retina and central nervous system (CNS), 2 and it excludes vessels from invading the retina, vitreous, and cornea. 1 Overexpression of PEDF efficiently protects against cell death from retinal ischemia and photoreceptor degeneration, inhibits choroidal and retinal neovascularization, and suppresses tumor angiogenesis and growth. 10 -14 Conversely, suppression of PEDF in the retina correlates with formation of choroidal neovascularization, and PEDF correlates positively with oxygen concentrations, suggesting that PEDF loss plays a permissive role in ischemiadriven retinal neovascularization. [15] [16] [17] [18] PEDF is a 50-kDa glycoprotein and a noninhibitory member of the serpin superfamily of proteins related through their highly conserved folded protein conformation. 19, 20 Comparison of the PEDF structure with known structures of other native serpins (e.g., the ␣ 1 -proteinase inhibitor, ovalbumin) has shown a high level of structural conservation, despite the relatively low sequence identity among these family members (20%-27% for these serpins). 21 However, unlike most serpins, PEDF acts as a substrate rather than an inhibitor of serine proteases. 22 The compact and globular PEDF protein is highly resistant to proteolytic cleavage, with the exception of a protease-sensitive exposed peptide loop located toward its C-end. On cleavage by serine proteases, subtilisin, or endoproteinases, the limited PEDF polypeptide products (ϳ46-kDa) retain biological activity and binding affinity for ECM collagens and glycosaminoglycans. 8, 9, 22 There is increasing evidence of the involvement of ECM degradation in stimulation of angiogenesis and cell injury. Expression of matrix metalloproteinases type 2 (MMP-2) and type 9 (MMP-9) correlates with the progression of neovascular diseases. [23] [24] [25] These metalloproteinases are upregulated not only in angiogenic lesions but also in retinal ganglion cell (RGC) death, and their inhibition or genetic ablation diminishes angiogenic switching, tumor number, and growth 26, 27 and also protects against pathologic RGC death. 28 MMP-2 and -9 belong to the MMP family of highly conserved Zn 2ϩ -and Ca 2ϩ -dependent extracellular peptidases. 29 They degrade most ECM components and many non-ECM molecules, thereby allowing cell migration and modulation of biologically active molecules by direct cleavage or by release from ECM stores. 30, 31 A group of these bioactive molecules are proangiogenic factors (e.g., the VEGF and FGF families), which under hypoxic conditions are upregulated and in turn can stimulate proliferation and proteolysis-associated migration of endothelial cells. [32] [33] [34] [35] [36] At the same time, VEGF and FGFs can induce expression of MMPs.
However, angiogenic control depends not only on increases and availability of positive factors for angiogenesis but on the correct balance between anti-and proangiogenic factors, as neovascularization-related diseases correlate with loss of this balance. [37] [38] [39] Given that PEDF and MMPs coexist in the ECM and both participate in modulation of angiogenesis and cell injury, it was of interest to investigate the effects of extracellular matrix metalloproteinases on PEDF. We showed that PEDF is a substrate for MMP-2 and -9 and that induction of MMPs by hypoxia or exogenous addition of VEGF provokes degradation of PEDF protein in extracellular compartments. The data provide a model for molecular players that control the hypoxia-provoked increases in the VEGF-PEDF ratio, angiogenesis, and/or neuronal death and suggest that PEDF degradation by MMP is a novel component of the angiogenic switch and can control retinal survival.
METHODS

PEDF Protein
Recombinant human (rhu)PEDF protein was purified from the culture medium of baby hamster kidney (BHK) cells containing an expression vector for human PEDF, as described. 40 To remove any residual MMPs from the rhuPEDF sample, gelatin affinity column chromatography using gelatin-Sepharose (Sigma-Aldrich, St. Louis, MO) was performed according to a method described previously, 41 with minor modifications. Briefly, 1 mg of rhuPEDF (1 mL volume) was applied to a gelatin Sepharose column (2 mL-column bed; Amersham Bioscience, Piscataway, NJ) pre-equilibrated with buffer A (0.05 M Tris-HCl [pH 7.5] and 1 M NaCl). The column was washed with five column volumes of buffer A and then with 1.5 M NaCl in buffer A, followed by elution of MMP proteins with 5% dimethyl sulfoxide (DMSO) in 1.5 M NaCl and buffer A. Fractions corresponding to flow-through and initial wash of the column were collected and reloaded, and the washes and elutions repeated. The flow-through and washes containing PEDF free of MMPs were collected and concentrated by ultrafiltration (Centricon-30; Amicon, Beverly, MA). The final concentrated sample contained 0.7 mg of purified rhuPEDF.
Oxygen-Induced Retinopathy in the Mouse
The retinopathy of prematurity (ROP) mouse model was developed by a method performed as described before 42 and in which retinal ischemia, neovascularization and neuronal cell death are induced on removing the animals from 75% oxygen to normoxia. Briefly, C57BL/6 mice with nursing mother were exposed to 75% oxygen from postnatal day (P)7 to P12. At P8 (hyperoxia), P13, P17, and P21 (retinal ischemia) and their corresponding normoxia control group, four animals from different litters were anesthetized with tribromoethanol (Avertin; Sigma-Aldrich), and the eyes were enucleated. Retina and RPE/choroid layers were separated by dissection, pooled, and processed immediately. For each layer, one fifth of the tissue was transferred immediately into lysis buffer (RLT; Qiagen, Valencia, CA) to extract RNA. The remaining tissue was transferred into protein lysis buffer containing 62.5 mM Tris (pH 7.0), 2% SDS, 10% glycerol and 1ϫ protease inhibitor (Complete; Sigma-Aldrich); and, after protein determination, 100 mM DTT and 0.01% bromophenol blue dye were added to each extract in preparation for SDS-PAGE. This protocol was performed in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Hypoxic Treatment of Monkey RPE Cells
Monkey RPE cells were nontransformed at an early passage and were the generous gift of Bruce Pfeffer (Bausch & Lomb, Rochester, NY). 4 RPE cells were cultured in D-MEM/F12 in a 1:1 mixture, supplemented with 5% fetal bovine serum (FBS), 1.5 mM L-glutamine, 7.5 mM sodium pyruvate, 0.1 mM nonessential amino acids, and penicillin-streptomycin (100 U/mL and 100 mg/mL, respectively). Cells were incubated at 37°C in the presence of 5% CO 2 .
To study the effect of oxygen on PEDF production, RPE cells were incubated in a sealed chamber at 37°C for 48 hours in a controlled environment of 1% or 7% O 2 in the presence of 5% CO 2 and 94% or 88% N 2 , respectively, as described. 43 Cells cultured under standard conditions (21% O 2 , 5% CO 2 , and 74% N 2 ) served as normoxia control cultures. Hypoxic conditions were also mimicked by adding 100 M CoCl 2 , an iron analogue, or 260 M deferoxamine mesylate (DFM), an iron chelator, to the culture media and incubating the cells at 37°C for 48 hours, as described. 43 After treatment, the cells and medium were separated by centrifugation. The medium was concentrated 80-fold by ultrafiltration using concentrators (Centricon-30; Amicon) and contained less than 5 g/mL PEDF. The cells were washed with phosphate-buffered saline (PBS), harvested, and stored frozen at Ϫ70°C.
Quantitative Real-Time PCR
mRNA expression levels were determined by quantitative real-time PCR. PCR primers and probes targeting experimental and control genes, 18S ribosomal RNA, and cyclophilin were designed on computer (Primer Express software; Applied Biosystems, Inc.
[ABI], Foster City, CA). Primers were synthesized by Oligo Therapeutics (La Jolla, CA) and had the following murine sequences: PEDF forward primer, 5Ј-AGGACATGAAGCTACAGTCGTTGTT-3Ј and reverse primer, 5Ј-CTC-GAAAGCAGCCCTGTGTT-3Ј; VEGF forward primer, 5Ј-GGAGATC-CTTCGAGGAGCACTT-3Ј, and reverse primer, 5Ј-GGCGATTTAGC-AGCAGATATAAGAA-3Ј; and cyclophilin A (reference gene or normalizer) forward primer, 5Ј-CAGACGCCACTGTCGCTTT-3Ј, and reverse primer, 5Ј-TGTCTTTGGAACTTTGTCTGCAA-3Ј. Primer and probe sequences were analyzed for specificity of gene detection by means of the BLAST module (National Center for Biotechnology Information, Bethesda, MD) and the first derivative primer melting-curve software supplied by ABI. This analysis determines the presence of amplicons based on their specific melting-point temperatures. In addition, all PCR amplicons were sequenced and matched with the published gene sequence. Analysis of gene expression was generated on a sequencedetection system (Prism 7700, with TaqMan; ABI). A standard curve representing four 4-fold dilutions of stock cDNA (1:2.5, 1:10, 1:40, and 1:160) was used for linear regression analysis of unknown samples. All changes in gene expression are normalized to cyclophilin or 18S and expressed as relative units, unless otherwise described. Each qRT-PCR analysis was repeated to ensure reproducibility.
PEDF Proteolytic Degradation Solution Assays
Purified rhuPEDF was mixed with purified recombinant human MMP-2 (catalog no. PF023; Oncogene Research Products, Boston, MA) or recombinant human MMP-9 (catalog no. PF024; Oncogene) in PBS at a variety of substrate-to-proteinase ratios (wt/wt). Similarly, degradation of PEDF was assayed in PEDF-containing conditioned medium or vitreous in the absence or presence of AEBSF (4-(2-aminoethyl)benzenesulphonyl fluoride; MP Biomedical, Irvine, CA), aprotinin (Sigma-Aldrich), pepstatin A (Roche Molecular Biochemicals, Indianapolis, IN), leupeptin (MP Biomedical), E-64 (Roche Molecular Biochemicals), and EDTA (Sigma-Aldrich). After incubation at 37°C for indicated lengths of time (see legend to Figs. 4C, 4D, and 4E), the reactions were stopped by adding SDS-sample buffer and freezing. Proteins in the mixtures were subjected to SDS-PAGE using 10% to 20% polyacrylamide gradient gels (Invitrogen, Carlsbad, CA) and then either stained with Coomassie blue or transferred to nitrocellulose membranes for immunostaining with antibody to PEDF.
BHK[pPEDF] Cell Culture
BHK[pMA-PEDF] cells 40 were cultured in DMEM supplemented with 10% FBS, penicillin-streptomycin (100 U/mL and 100 mg/mL, respectively), 0.4 mg/mL G418, and 4.5 mg/mL methotrexate. Cells were incubated in 12-well plates at 37°C in the presence of 5% CO 2 . After 24 hours of incubation without serum, the culture media contained less than 0.4 g/mL PEDF protein.
For MMP induction, BHK[pMA-PEDF] cells were cultured to confluence and the media replaced with serum-free media containing indicated concentrations of recombinant human VEGF (R&D Systems, Minneapolis, MN). The conditioned media were collected after incubation for 1, 2, 4, 8, and 24 hours at 37°C in the presence of 5% CO 2 . At each time point, the number of cells remained constant among all treatments, even with the highest concentrations of VEGF.
Preparation of Vitreous Extracts
Monkey eyes were obtained from the Diagnostic and Research Services Branch, Veterinary Resources Program, National Institutes of Health. Vitreous extracts from monkey eyes were prepared as described before. 44 Briefly, after dissection of the anterior segment of the eye, the vitreous gel was transferred to a tube, homogenized (Polytron, Brinkman Instruments, Westbury, NY), and subjected to centrifugation at 1300g for 15 minutes at 4°C. The supernatant contained ϳ0.4 mg/mL protein and was fractionated by 45% to 70% ammonium sulfate precipitation. The precipitated fraction (termed p70) was dissolved, dialyzed against PBS, and concentrated by ultrafiltration with centrifugal filter devices (Amicon Ultra-4; 10K NMWL; Millipore, Bedford, MA) to a final concentration of 1 to 6 mg/mL protein. Fraction p70 contained PEDF and MMP-2 proteinases as previously described.
44,45
Gelatin Zymography
The activity of proteases was detected by gelatin zymography, 44 performed on premade 10% polyacrylamide gels containing 0.1% gelatin with Tris-glycine running buffer (Invitrogen). After electrophoresis, gels were incubated in renaturing buffer at room temperature for 1 hour and then incubated in developing buffer containing 5 mM CaCl 2 at 37°C for 16 hours. For assaying zymogen inhibition, a specific proteases inhibitor-EDTA (20 mM), calpain inhibitor E-64 (10 g/ mL), AEBSF (100 mM), aprotinin (5 g/mL), pepstatin A (5 g/mL), or leupeptin (5 g/mL)-was added to the developing buffer. To visualize the zymogen bands, gels were stained with 0.5% Coomassie blue R-250 in 50% methanol/10% acetic acid for 30 minutes and then destained in 10% methanol/10% isopropanol for 2 hours at room temperature with gentle shaking.
DQ-Gelatin Degradation Solution Assays
The conditioned media of BHK[pPEDF] cells (10 L) were incubated with 20 L of DQ-gelatin substrate (Molecular Probes, Inc., Eugene, OR) in reaction buffer containing 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 5 mM CaCl 2 (200 L final volume), in accordance with the manufacturer's protocol. Increase in fluorescence at 515 nm due to the DQ-gelatin degradation by the overall gelatinase activities present in the conditioned medium was monitored in triplicate in 96-well plates (Victor 2 1420 Multilabel Counter; Perkin Elmer Life Sciences, Boston, MA).
Western Blot Analysis
Proteins were resolved by polyacrylamide gel electrophoresis with premade 10% to 20% polyacrylamide gels (Invitrogen) with tricine-SDS running buffer, according to the manufacturer's instructions. Proteins in gels were transferred to nitrocellulose membranes (pore size of 0.2 m; Protran; Schleicher & Schuell, Keene, NH), and immunoreactions with anti-PEDF or anti-MMPs were performed as follows. The membranes were incubated in a 1:1000 dilution of mouse monoclonal anti-PEDF (Chemicon, Temecula, CA); 1: 4000 dilution of rabbit polyclonal antiserum against an rhuPEDF protein, Ab-rPEDF 46 ; 1:1000 dilution of goat anti-human MMP-2 (Santa Cruz Biotechnology, Santa, Cruz, CA); or 1:1000 dilution of goat anti-human MMP-9 (Santa Cruz Biotechnology) in 5% BSA in TBS-Tween (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, and 0.1% Tween-20; Calbiochem, La Jolla, CA). After washes with TBS-Tween, membranes were incubated in secondary antibody, rabbit anti-mouse biotinylated IgG-POD diluted at 1:1,000 (Vector Laboratories, Burlingame, CA) or rabbit anti-goat IgG horseradish peroxidase (HRP) diluted 1:100,000 (Santa Cruz Biotechnology). Immunoreactive bands were detected by chemiluminescence (Lumi-Light Plus; Roche Diagnostics). Alternatively, immunoreacted proteins were visualized by a colorimetric method by incubation with a biotinylated secondary antibody followed by incubation with streptavidin-HRP complex (ABC Elite Kit, Vectastain; Vector Laboratories) and color development with 4-chloro-naphtol (HRP color development reagent; Bio-Rad, Hercules, CA). Both monoclonal anti-PEDF and polyclonal Ab-rPEDF antibodies showed similar specificity and sensitivity of detection of PEDF protein from human and monkey sources used in the study.
Quantification of Bands
Quantification of bands from Western blot or gelatin zymography was performed by digitizing the signals with a scanner (ScanJet; Hewlett Packard, Palo Alto, CA) and saving them as TIFF files at different exposure conditions (Photoshop; Adobe Systems, Inc., Mountain View, CA). For the zymographic analysis, negative images of the zymogens were obtained. The mean density of pixels and area of each band was determined with NIH Image software (available by ftp at zippy.nimh.nih.gov/ or at http://rsb.info.nih.gov/nih-image; developed by Wayne Rasband, National Institutes of Health, Bethesda, MD). Background subtraction was performed before quantification of pixel density determination, when needed. The averages of more than two measurements per band and standard errors were calculated and plots were obtained by computer (Excel; Microsoft, Redmond, WA).
Retinal Cell Survival Activity Assay
R28 cells, an immortalized retinal precursor cell line, were the kind gift of Gail M. Seigel (SUNY, Buffalo, NY). R28 cells were cultured in DMEM/F12 medium in a 1:1 mixture, supplemented with 5% FBS, 1.5 mM L-glutamine, 7.5 mM sodium pyruvate, 0.1 mM nonessential amino acids, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells were incubated at 37°C in the presence of 5% CO 2 . To induce cell death, R28 cells at subconfluence were deprived of serum as described by Barber et al., 47 with minor modifications. Briefly, when R28 cell cultures reached 70% confluence in 24-well plates, serum-containing medium was removed, adherent cells were washed with PBS (pH 7.4) twice, and 400 L of serum-free medium or 400 L of serum-free medium containing PEDF test samples was added to each well. After incubation for 72 hours, cells were monitored using an inverted microscope (Olympus, Lake Success, NY) and representative fields were photographed. At the same time, cell viability was quantified by using a homogeneous method of determining the number of viable cells in culture based on quantitation of the adenosine triphosphate (ATP) present, an indicator of metabolically active cells. A cell viability kit (Cell Titer Glo; Promega, Madison, WI) was used according to the manufacturer's instructions. Luminescence due to the luciferin/luciferase reaction with the ATP present in the viable cells was measured with the plate reader (Victor 2 Multilabel; Perkin Elmer Life Sciences). Experiments were repeated four times each, with more than three replicates per point. Data were normalized to control data without effectors, average, standard deviations, and statistical parameters were calculated, and the changes over the control (x-fold) without effectors were plotted on computer (Excel; Microsoft).
Chick Embryo Aortic Arch Assay
The chick embryo aortic arch assay is an ex vivo angiogenesis assay that was performed as previously described. 48 Briefly, aortic rings of approximately 0.8 mm in length were prepared from the five aortic arches of 13-day-old chicken embryos (CBT Farms, Chestertown, MD), and the soft connective tissue of the adventitia layer was carefully removed with tweezers. Each aortic ring was placed in the center of a well in a 48-well plate and covered with 10 L of synthetic matrix 48 Endothelial cell growth supplement (ECGS; Biomedical Collaborative Products, Bedford, MA) was used at 400 g/mL as an angiogenesis promoter. Six independent rings per treatment were measured.
Directed In Vivo Angiogenesis Assay
Analysis and quantitation of angiogenesis was done using a directed in vivo angiogenesis assay (DIVAA) as previously described. 49 Briefly, 10-mm-long, surgical-grade silicone tubes with only one end open (angioreactors) were filled with 20 L of synthetic matrix alone or mixed with VEGF and/or rhuPEDF exposed to different concentrations of MMP-2 and CaCl 2 , as described earlier. After the matrix solidified, the angioreactors were implanted subcutaneously into the dorsal flanks of anesthetized athymic nude mice (National Cancer Institute [NCI] colony). After 11 days, the mice were injected intravenously (IV) with 25 mg/mL FITC-dextran (100 L/ mouse; Sigma-Aldrich) 20 minutes before the angioreactors were removed. Quantitation of neovascularization in the angioreactors was determined as the amount of fluorescence trapped in the implants and was measured in a spectrophotometer (HP; Perkin Elmer Life Sciences). Eight implants were used per treatment point. This protocol was approved by the internal NIH animal committee and was in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
RESULTS
Decreased PEDF Protein Production by Hypoxic RPE
In ROP, diabetic retinopathy, and animal models of retinal and choroidal neovascularization, PEDF protein levels are reported lower than in the normal retina and vitreous. 18, 50 Similarly, PEDF levels are lower in human retinoblastoma Weri cells exposed to hypoxia than in normoxia. 15 Because the RPE is the main source of the secreted PEDF into the retina, we examined the effect of hypoxia on PEDF expression in the RPE, in vivo and in vitro. We used the ROP mouse model in which vessel loss is induced by exposing the animals to 75% oxygen be- One-week-old C57BL/6J mice were exposed to 75% oxygen for 5 days between P7 and P12 and then to room air, to induce ischemia in the retina. At each different time point, RPE-choroid tissues from four eyes were microdissected and pooled, and proteins were extracted. Equivalent amounts of total protein (15 g) were loaded in polyacrylamide gels. Western blot analysis of RPE-choroid extracts from normoxic (N) and ischemic (H) animals, with a polyclonal antiserum to rhuPEDF, Ab-rPEDF, are shown. 
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tween postnatal day (P)7 and P12 (P7-P12). 42 On removal to normoxia at P12, the retina undergoes relative ischemia, and neovascularization and neuronal cell death are induced. During the relative ischemic period (P13-P17), the levels of PEDF protein produced by the RPE-choroid were not detectable at P13 and were only marginally detected at P17 by Western blot, but then returned to normal by P21 when hypoxia-induced retinal neovascularization is known to regress (Fig. 1) . Given the technical difficulties in harvesting the small mouse RPE, data were collected from pooled choroid and RPE samples. We found no significant differences in PEDF mRNA expression between ROP and normoxia-treated mice. PEDF mRNA expression increased with developmental time in the RPE-choroid, but it was extremely low or undetectable in all layers of the mouse retina (tufts, retinal ganglion cell, inner plexiform, inner nuclear, and outer nuclear), precluding the data collection from this tissue and in agreement with the lack of detection of PEDF transcripts in Northern blot analysis of mouse retina reported previously. 51 To investigate the effect of oxygen regulation on PEDF in cultured RPE, we exposed nontransformed monkey RPE cells to low oxygen or to hypoxia mimetics. Hypoxia decreased the levels of PEDF protein in the conditioned medium to 78.5% Ϯ 19.6% (for 7% oxygen) and 24.6% Ϯ 1.5% (for 1% oxygen) of the normoxic cultures, as measured by relative quantitative Western blot analysis ( Fig. 2A) . Similar results were obtained with hypoxia mimetics (Fig. 2B) . As expected, hypoxia increased VEGF gene expression in the same cells (Figs. 2C, 2D) . However, there was no significant difference in PEDF mRNA levels in hypoxia-treated or untreated RPE (Figs. 2C, 2D ), suggesting that hypoxic regulation of PEDF occurred at translational or posttranslational levels.
Hypoxia-Induced PEDF-Degrading Activities in RPE
In ischemic retina, as well as in tumors, increased MMP activity controls the levels of ECM components. 52, 53 To determine whether proteases can also regulate extracellular PEDF, we examined the effect of hypoxia on proteolytic agents secreted by RPE cells. Hypoxia increased gelatinolysis in RPE cell-conditioned media, as measured by zymography (Fig. 3A) . In 10% polyacrylamide gels, these activities comigrated with MMP-2 and -9 gelatinolytic zymogens of apparent molecular weights of ϳ57 and ϳ86 kDa. We note that vitreous also exhibited ϳ57-kDa zymogens (Fig. 4A) . The RPE gelatinolytic zymogens were activated with calcium and inhibited by EDTA, as expected for MMPs (Fig. 3A) . However, only MMP-2-immunoreactive proteins were detected by Western blot analysis of the RPE media with anti-MMP-2 and anti-MMP-9 on 10% to 20% polyacrylamide gels and samples prepared under reducing conditions. The MMP-2-immunoreactive band of the RPE media comigrated with the ϳ72-kDa band of commercial MMP-2 (Fig. 3B) . The difference of apparent molecular weights in zymography and Western blots was probably due to differences in sample preparation and SDS-PAGE conditions. The MMP-2 immunoreactive signal in the RPE media was elevated twofold by hypoxia.
To investigate the effect of RPE-derived proteolytic activities on PEDF, purified rhuPEDF was added to the RPE media at a Ͼ10-fold excess over the amounts of PEDF present in the media. After incubation for 1 hour at 37°C, the levels of exogenous rhuPEDF substrate decreased to 85% in media from normoxia-treated cells, while they were drastically lowered to 29% in media of hypoxic cells (Fig. 3C) . No limiting PEDF proteolytic products were detected in the blot. Together, these 
VEGF-Induced PEDF-Degrading Activities
To study the effects of MMP induction on PEDF we chose BHK[pPEDF] cells, because they express human PEDF under the control of a heterologous cytomegalovirus (CMV) promoter and secrete the recombinant PEDF protein into the culture medium. The fact that the PEDF gene is under the control of a promoter considered constitutive (e.g., lacking in transcriptional regulation of the heterologous PEDF gene) provides an advantage over primary cultures that allows mechanisms of posttranscriptional and posttranslational regulation to be revealed. Zymography and Western blot analysis of the BHK[pPEDF]-conditioned media clearly showed that these cells also secrete ϳ57-kDa gelatinolytic agents and ϳ72-kDa MMP-2 immunoreactivity, similar to those in the vitreous (Figs. 4A, 4B), and these were the only zymogens and immunoreactive bands detected. No detectable MMP-9 immunoreactivity was detected in the media. To examine the ability of proteinases secreted by BHK[pPEDF] cells to degrade PEDF, exogenous PEDF substrate was added to the media and incubated at 37°C for 1 hour. The proteolysis was characterized with specific inhibitors of metallo-, serine-, aspartic-and cysteine-proteinases. The media catalyzed the degradation of PEDF protein, which was inhibited only with the metalloproteinase inhibitor EDTA, whereas AEBSF, aprotinin, pepstatin A, leupeptin, or E64 had no effect (Fig. 4C) . This PEDF-degrading activity was identical with that in vitreous from monkey eyes (Fig. 4E) . Zymography in the presence of inhibitors also showed that only EDTA inhibited the in-gel activity of the media, correlating with the activity that degraded PEDF (Fig. 4D ). These results demonstrate that BHK cells secreted PEDF-degrading members of the MMP family, similar to those in the vitreous. The proangiogenic factor VEGF can induce the expression of MMP genes and activate MMP gelatinolytic activities. 35, 36 In addition, VEGF is an important oxygen-regulated factor. To study the effects of VEGF on PEDF degradation, we exploited the BHK[pPEDF] cell system by adding increasing concentrations of recombinant human VEGF to the cell cultures. Incubation time (data not shown) and VEGF dose induced increases in the secreted ϳ57-kDa MMP-2-like zymogens, as revealed by gelatin zymography of the BHK[pPEDF] media (Fig. 5A) . Conversely, the steady state levels of PEDF protein in the same media declined with VEGF dose (Fig. 5B) . Note that addition of 0 to 100 nM VEGF did not affect the number of cells in the cultures (Notari L, personal observations, 2003). In addition, the VEGF dose increased the overall gelatinolysis in the media, as determined by DQ-gelatin degradation solution assays (Fig.  5C) . To investigate the effects of VEGF on PEDF degradation, exogenous rhuPEDF substrate was added to the BHK[pPEDF] media at an excess of Ͼ100-fold over the endogenous PEDF. After incubation for 2 hour at 37°C, the residual rhuPEDF decreased to almost undetectable levels with VEGF treatments in a concentration-dependent fashion (Fig. 5D) . Both DQ-gelatinolytic and PEDF-degrading activities of the media were sensitive to inhibition by EDTA (data not shown). These results were subjected to gelatin zymography. Lanes were excised and incubated in zymography developing buffer containing each protease inhibitor indicated in (C). (E) Endogenous PEDF degradation in vitreous. Monkey vitreal fraction p70 was mixed with protease inhibitors plus 10 mM CaCl 2 and incubated at 37°C for 2 hours. The reaction mixtures were subjected to Western blot analysis and immunostained with Ab-rPEDF to detect residual endogenous vitreal PEDF. Western blot analysis of the vitreous clearly showed the presence of EDTA-sensitive PEDF-degrading activities similar to BHK cells. No incub., control cultures without incubation. The concentrations of protease inhibitors in each reaction were for serine proteases, 100 mM AEBSF, and 5 g/mL aprotinin; for aspartic proteases, 5 g/mL pepstatin A; for cysteine proteases, 1 mM leupeptin; for calpain, 20 g/mL E-64; and for metalloproteinases, 20 mM EDTA.
demonstrate that PEDF was sensitive to the proteolytic degradation induced by VEGF and imply that MMP-like proteinases induced by VEGF mostly contributed to the degradation of PEDF. Thus, PEDF can be downregulated by VEGF-mediated induction of MMP-like activity.
PEDF Protein as a Substrate of MMP-2 and -9
The compact and globular PEDF protein (50-kDa) is highly resistant to proteolytic cleavage except for a protease-sensitive exposed peptide loop located toward its C end. 22 On cleavage by serine proteases, subtilisin, or endoproteinases, the limited PEDF polypeptide products (ϳ46 kDa) retain biological activity and binding affinity for ECM collagens and glycosaminoglycans. 8, 9, 22 To characterize the effects of MMPs on PEDF, purified rhuPEDF was treated with MMP-2 or -9 in a controlled fashion, and the reaction products analyzed by SDS-PAGE on 10% to 20% gradient polyacrylamide gels with Coomassie blue staining to favor detection of low-molecular-weight polypeptide breakdown products (Fig. 6) . At a low proteinase-substrate ratio (wt/wt; 1:1000) both MMPs proteolyzed PEDF as early as 45 minutes, leaving no apparent limiting peptide products to be detected in the gel (Figs. 6A, 6D ). Increasing the proteinase-PEDF ratio had an even more dramatic effect on PEDF degradation (Figs. 6B, 6E ). In addition, the degrading effect of MMP-2 and -9 on PEDF was dependent on increasing concentrations of CaCl 2 and sensitive to EDTA (Figs. 6C, 6F) . These results clearly demonstrate that the PEDF molecule was a substrate for MMP-2 and -9 proteolytic activities and apparently was a target for proteolytic degradation rather than for proteolytic processing.
Effect of MMP-Mediated Proteolysis on the Biological Activities of PEDF
PEDF has a role in preventing both retinal cell death and neovascularization. To examine the neuronal survival activities of PEDF proteolyzed with MMP-2, we followed a method in which neuronal cell death is induced in rat retinal neuronal R28 cells by serum deprivation. 47 PEDF was treated with MMP-2, as described earlier (Fig. 6C) . Treatments of serumdeprived R28 cells with 100 nM PEDF (intact nonproteolyzed; Fig. 7B ) versus untreated cultures (Fig. 7A) increased cell viability 2.5-fold (Fig. 7F) . This survival effect decreased gradually with increased MMP-2-mediated proteolysis of PEDF as there was a dose-dependent loss of this effect with PEDF pretreated with MMP-2 and increasing Ca 2ϩ concentrations (Figs. 7B-F) , so that at maximum proteolysis, when no residual PEDF was detected by SDS-PAGE (Fig. 6C) , cell viability matched that of control cultures not exposed to PEDF (compare Figs. 7A and 7E, and see Fig. 7F) .
Similarly, the ability of PEDF to prevent neovascularization diminished with its degradation by MMP-2 (Fig. 8) . The biological effects of PEDF proteolysis by MMP-2 in angiogenesis were assessed by two different methods, an ex vivo angiogenesis assay using chicken embryo aortic arch rings and an in vivo assay (DIVAA). In the chicken embryo assay, the area of sprouting new vessels greatly increased in the presence of ECGS (Fig.  8B ) when compared to the untreated rings (Fig. 8A) . Addition of 1 ng/L intact nonproteolyzed PEDF decreased ECGS-induced angiogenesis to almost basal levels (Fig. 8C) . As PEDF was proteolyzed by MMP-2 in the presence of increasing con- C) were collected and contained Ͻ0.5 g/mL PEDF. A total of 133 mg/mL exogenous rhuPEDF (an excess by Ͼ100-fold over the endogenous PEDF) and 10 mM CaCl 2 were added to the media. The reaction mixtures were incubated at 37°C for 2 hours and resolved by SDS-PAGE, and the gels were stained with Coomassie blue to detect the residual PEDF (top). A total of 10 L of conditioned media were subjected to gelatin zymography (bottom).
centrations of Ca 2ϩ , the antiangiogenic effect of PEDF was progressively lowered (Figs. 8D-G) . Similar results were observed in the DIVAA test (Fig. 8H ) with 10 nM VEGF as an angiogenic promoter. Again, intact nonproteolyzed PEDF had a dramatic effect in diminishing VEGF-induced angiogenesis, and there was a dose-dependent loss of this effect with PEDF pretreated with MMP-2 and increasing Ca 2ϩ concentrations. These results showed that the PEDF products of MMP-2 digestion did not contain structural determinants for PEDF biological activities; thus, MMP-2-mediated proteolysis abolished PEDF's retinal survival and antiangiogenic properties.
DISCUSSION
In the current study, hypoxia caused a decline of PEDF by extracellular MMP-mediated proteolytic degradation, and we propose that hypoxia induction of gelatinaseA/MMP-2 and/or gelatinase B/MMP-9 diminishes levels of PEDF protein and lead to an increases in the potential for angiogenesis and/or neuronal cell death in the retina. Several lines of evidence support this conclusion. First, hypoxia had a marked effect on decreasing the levels of PEDF produced by RPE cells, without affecting the PEDF mRNA levels, similar to that observed with retinoblastoma Weri cells. 15 Second, our results demonstrate that PEDF was sensitive to proteolytic degradation induced by hypoxia or VEGF. Third, the PEDF-degrading activities induced by both hypoxia and VEGF exhibited characteristics of the MMP class of proteinases. Fourth, MMP-2 and -9 catalyzed the Ca ϩ2 -dependent proteolytic degradation of PEDF. Fifth, MMP-2-mediated degradation of PEDF resulted in biologically inactive products in retinal survival and angiogenesis assays.
The fact that PEDF is a substrate target for MMP-2 and -9 is consistent with mechanisms for regulation of PEDF at a posttranslational level and occurring outside of the cell in the ECM. The observed decline of PEDF by hypoxia is most likely an effect of increased proteolytic activities by MMP inducers (e.g., VEGF). It has been shown that MMP-2 and -9 act on VEGF by releasing the protein from ECM storage rather than degrading it and increasing its availability. 26 We envision a novel mechanism for PEDF downregulation by hypoxia that involves PEDF proteolysis mediated by MMPs, which target PEDF among several other ECM protein components, resulting in loss of its biological activities. This mechanism explains hypoxia-provoked increases in VEGF-PEDF ratios and suggests that MMPmediated PEDF degradation might form part of the angiogenic switch and prevent neuronal survival in the retina.
Our results have biochemical implications. The effects of hypoxia on VEGF expression as well as the effects of VEGF on MMP-2 and -9 gene expression and on MMP-2 and -9 proteolytic activity have been shown by others. 35, 36 However, a single recognition cleavage site for these proteinases is not known. Most conventional substrates for MMP-2 or -9 are degraded rather than processed and more than 15 cleavage recognition sites are known in numerous substrates. The common feature is the presence of a hydrophobic amino acid residue at the amino end of the cleavage site (e.g., valine, leucine, isoleucine, or phenylalanine). The amino acid sequence of the mature human PEDF has more than 100 hydrophobic residues, including 24 valines, 51 leucines, 21 isoleucines, 18 phenylalanines, and 10 tyrosines residues and shares several MMP-2 or -9 cleavage sites identified in other substrates. Most of the proteinases cleave the highly ordered globular PEDF protein at its homologous serpin-reactive loop, leaving an active core polypeptide molecule as a limited product. 22 However, MMP-2 and -9 degrade PEDF to peptides, contrasting with many other inhibitory serpins in which inactivation is achieved by cleavage at the serpin-reactive loop. 54, 55 Besides the serpin-exposed loop, the crystal structure of PEDF reveals more than 10 cleavage sites partially exposed in the folded polypeptide and available for an attack by MMP-2 (Notari L, Becerra SP, personal observations, 2004). We propose that on substrate binding, MMP-2 and/or -9 induced an unfolding of the PEDF protein that increases the availability of several sites to leave products that lack neurotrophic or antiangiogenic properties. Thus, it seems that MMP inactivation of serpins is achieved by different mechanisms. Although MMPs can inactivate inhibitory serpins (e.g., antitrypsin and antithrombin III) by attacking the serpin-reactive loop, the loss of PEDF biological activities is achieved by complete proteolysis.
Our results offer further insight into the stimulation of angiogenesis by a high dose of PEDF in a CNV model, as described by Apte et al. 56 They showed that increasing the concentrations of exogenous PEDF can stimulate VEGF production by endothelial cells in a linear and dose-dependent (Figs. 5,  6 ), but not VEGF. 26 The overall response of a high dose of PEDF would be MMP-mediated proteolytic inactivation of PEDF that leads to an increase in the VEGF-PEDF ratio and stimulation of angiogenesis. However, a high dose of PEDF would not necessarily result in a decrease of neurotrophic activity. There is increasing evidence of neurotrophic activity of VEGF [57] [58] [59] and thus the stimulated VEGF could complement PEDF's neurotrophic activities in the retina. It is worth mentioning that the concentrations of PEDF that stimulated VEGF production in endothelial cells 56 were significantly higher than those in physiological vitreous from several species. 4, 18, 38, 44, 60, 61 We also asked whether intravitreal injections of PEDF would inhibit retinal neovascularization in the ROP model (Smith LEH, Robinson G, personal observations, 2002). However, in contrast to data reported by Stellmach et al. 12 with 22.4 g PEDF administered intraperitoneally, we did not observe inhibition of retinal neovascularization with intravitreal injections of 1 g PEDF, which were the identical route and amounts used successfully for protection of photoreceptors in rd and rds mice 62 and double the amount used in rats with light-induced damage. 10 The regulation of VEGF by oxygen in a model of ROP has been reported previously by one of our laboratories and many others. [63] [64] [65] The expression of VEGF in retinas from an ROP mouse model after transfer to normoxic conditions is upregulated and correlates with development of neovascularization. There is increasing evidence of the modulation of MMP-2 and -9 in the ROP model (see reviews by Sivak and Fini 53 and by Das and McGuire 23 ). In summary, levels of MMP-2 and -9 zymogens and mRNA in retina significantly increase with induced retinal neovascularization in the ROP model (mouse and rat) and neovascularization can be significantly inhibited with intraperitoneal administration of an MMP-2 and -9 inhibitor. 66 -68 The angiogenic effect observed with a high dose of PEDF may be due to stimulation of MMP-mediated PEDF degradation in addition to VEGF stimulation. Thus, it is envisioned that including MMP inhibitors along with high doses of PEDF may prevent the MMP-mediated degradation triggered by this cascade and stimulation of angiogenesis.
Our results also have clinical implications. Tissue hypoxia and/or neural loss occurs in retinal diseases, such as diabetic retinopathy, ROP, retinal detachment, age-related macular degeneration, glaucoma, and tumor growth, and adversely affects quality of life. 69 -71 Although oxygen deprivation is an early stimulus for neovascularization and cell injury, the molecular signals for the pathologic development of new vessels and neuronal cell death are not fully defined. Induction of angiogenic factors and extracellular matrix degradation stimulate angiogenesis and cell injury. 72, 73 Whereas VEGF and MMP-2 and -9 are important in choroidal and retinal neovascularization, and in RGC death, 27, 53, 74 prevention of angiogenesis and retinal cell death are associated with increases of antiangiogenic and neurotrophic factors-one being PEDF, the principal antiangiogenic and neurotrophic protein of the eye. [1] [2] [3] Evidence that supports a role of MMPs in modulating the activities of PEDF in the eye is increasing. 53 In diabetic retinopathy and ROP animal models, the ischemic retina has upregulated MMP-2 and -9 and lower levels of PEDF compared with physiological conditions. 15, 18, 53 MMP-2 and PEDF are present in the interphotoreceptor matrix, and while the interphotoreceptor matrix MMP-2 (gelatinase A) increases with agerelated macular degeneration, there is a decrease in retinal PEDF levels associated with this disease. 25, 75 Inhibitors of MMPs decrease retinal neovascularization in ROP mouse models 66 and are being clinically tested as novel therapies for age-related macular degeneration, predicting an increase in PEDF. 76 The fact that in MMP-9-null mice the RGCs do not die when injured by ischemia 28 would point to an increase in PEDF levels in the RGC layer due to lack of PEDF degradation by the ablated MMP-9. A decrease in retinal angiogenesis is identified in MMP-2-null mice, 77 consistent with the involvement of MMP-2 in degrading PEDF in retinal neovascularization. In double MMP-2-and -9-null mice, 27 and in wild-type mice treated with gelatinase specific inhibitors, choroidal neovascularization is inhibited, again consistent with decreased degradation of the antiangiogenic PEDF. Evidence also exits for photoreceptor cell death induced by hypoxia at early developmental stages 78 and suggests that MMPs induced by hypoxia degrade PEDF, a survival factor for photoreceptors. Thus, inhibition of PEDF degradation would be beneficial for the treatment of different forms of vascular and neuronal ocular diseases, and direct administration of PEDF could be more effective if accompanied by MMP inhibitors.
